Electroless plating was used to achieve compliant bonding between two components with electroplated copper pillars for chip-topackage interconnects. The geometry of the pillars was modified from flat-topped to round, dome-shaped structures by addition of a leveler to the electroplating bath used to form the pillars. The effect of the dome-shaped structure on the electroless joining process was studied using different electroless plating baths. The baths contained a surfactant and used forced convection during electroplating. Void trapping was observed in the electroless region between the domed, electroplated pillars, however, the size of the voids is smaller than previously reported with flat-topped pillars. The surfactant, Triton X-100 was found to decrease void formation at the electroless joint. Electronic packaging and chip-to-substrate connections have become increasingly important in integrated circuit (IC) performance, especially for high performance ICs.
Electronic packaging and chip-to-substrate connections have become increasingly important in integrated circuit (IC) performance, especially for high performance ICs. 1 Flip-chip input/output (I/O) connections have reliability and processing concerns as the pitch becomes smaller. Solder has particular concerns as the I/O pitch shrinks and the device speed and power increases. The issues include the formation of brittle, inter-metallic tin-copper compounds, poor electromigration resistance, and the ability to fabricate fine-pitch solder balls with small chip-to-substrate spacings. 2, 3 Previous studies have shown that it is possible to directly join copper surfaces under various conditions. These could be categorized by thermo-compression bonding [4] [5] [6] [7] with high temperature and pressure, surface activation bonding with extremely clean surface and ultra high vacuum (UHV) conditions, 8 and surface diffusion bonding after surface passivation. [9] [10] [11] The high temperature, pressure and/or planarity requirements make these processes difficult to implement for I/O bonding as a replacement for solder.
In this work, the joining (or bonding) of two copper pillars by electroless copper plating has been investigated. The process has been shown to be flexible and capable of providing high-quality bonding. [12] [13] [14] [15] [16] However, previous results have shown that it is possible to leave a void trapped within the electroless copper between the two bonded pillars due to the geometric factors. When the void was sufficiently large, it was not possible to anneal out the defect during a post-plating heat treatment step. 17 Void trapping between the bonded pillars should be minimized in order to achieve better mechanical and electrical reliability. However, as the two growing surfaces approach each other during electroless plating, the width of the gap between the two surfaces narrows which restricts reactant and product mass transfer which inhibits further plating. This phenomenon has been observed during the filling of throughsilicon via (TSV) without proper control of the bath chemistry. 18 Finally, a high deposition rate at the edge of the pillars (entrance of the gap between the two pillars) could close-off the entrance and create a substantial void at the center of the pillars. A larger vertical offset between the pillars could provide a seam-free bond, however, it could also lead to low yield process and longer processing time.
A potential solution to the gap-filling problem is to modify the pillar shape from that of a flat-head cylinder to a dome-shaped structure, as shown in Figure 1 . This structure could minimize the vertical offset between the two pillars at the center of the gap and provide a route for mass transfer of electrolyte into the gap region. Furthermore, this could provide a new alignment method without placement of a spacer between the two pillars that was used in previous reports, with shorter deposition time due to the smaller offset at the center. In this paper, the formation of dome-shaped pillar by electroplating and use of the structure in electroless bonding of the pillars was investigated. The bonding structure of the Cu pillar and the bonding area was also analyzed through optical microscopy and focused-ion beam sectioning.
Experimental
Copper pillars were fabricated on 111 orientation, 100 mm diameter, p-type silicon wafers with 700 nm thick thermal oxide. A tri-metal Cr/Cu/Ti layer was deposited by sputtering (PVD-300, Unifilm Technology), followed by deposition of 1.5 um silicon dioxide by plasma enhanced chemical vapor deposition (PECVD) (Unaxis PECVD) at 250
• C as part of the tri-layer mask. Holes were etched in the oxide layer by photolithographic patterning of the oxide using SC1813 photoresist followed by dissolution of the oxide using buffered oxide etch (BOE). A high aspect ratio plating mold, 30 um high, was fabricated using Aquatrel TM photopolymer (Promerus LLC, Brecksville, OH) for electroplating. Details and schematics of the process have been described elsewhere. 17 The Cu electroplating bath for pillar formation contained CuSO 4 , H 2 SO 4 , polyethylene glycol, and chloride ions, as described in the results section. Copper was plated until the pillar height was greater than that of the collars. The pillars were plated at a constant current-density of 2 mA/cm 2 with mild agitation. After fabrication of flat-topped pillars, Janus Green B (JGB) and bis(sodiumsulfopropyl)disulfide (SPS) was added to the bath. A second electroplating step was then carried out at a constant current-density of 10 to 15 mA/cm 2 to fabricate the dome on top of the pillars. After electroplating, the wafer was annealed at 250
• C for 1 hr in N 2 atmosphere to improve the adhesion strength of the Cu pillars to the silicon wafer. The polymer collars were removed by soaking the structure in hot, 1 M NaOH for 5 min. The swollen, degraded polymer was then easily removed in a water spray. Samples were subsequently diced into small, square die, 1.5×1.5 cm. A single die contained 36 cylindrical pillars (300 um diameter) and 136 tetragonal pillars (150 um diameter).
Two silicon die with pillars were flip-chip aligned to each other with a flip-chip bonder and temporarily held in place with Apiezon wax at 120
• C. The temporarily bonded chips were mounted on a plastic rod with silicone adhesive. The rod was rotated during electroless plating to provide a reproducible amount of mass transfer during electroless plating of the pillars. The samples were attached to the rotating rod at a distance of 1.5 cm from the center of rotation to facilitate the flow of electrolyte in and around the sample. The samples were pre-cleaned in a citric acid-H 2 O 2 solution prior to the electroless deposition in order to remove native oxide layer from the copper surface. The electroless plating bath consisted of CuSO 4 , EDTA, KOH and paraformaldehyde in which K 4 Fe(CN) 6 and HCl were used as additives. 17 The solution-temperature was controlled at 55
• C throughout the electroless plating process. The samples were immersed in the electroless bath for 4 h and various rotation speeds and surfactant concentrations were used. The component was rotated on the shaft it was mounted on, so that the electrolyte was gently forced into the gap between the two substrates. Air was purged into the electroless bath during deposition to avoid particle nucleation. After plating, the bonded die was rinsed in DI water and dried with nitrogen gas. The chip was subsequently annealed in a quartz-tube furnace in N 2 atmosphere at 180
• C for 1 hr. The bonded samples were mounted in acryl polymer molding, and polished to reveal the cross-section of the bonding structure. The cross-section images were analyzed using optical microscope after short chemical etching of the exposed cross-section of Cu pillars to reveal the boundary between electroplated parts and electroless plated parts. An Instron 5842 mechanical testing system was used to shear the samples. The sheared sample was cross-sectioned by using Ga + ion beam in a focused ion beam system (FEI Nova Nanolab 200 FIB/SEM) to observe the grain structure and void trapping.
Results
The details of the dome-shaped copper pillar plating process were first studied prior to electroless bonding of the die. It has been previously recognized that electroplating inside through-hole structures generally causes a concave-shape in the top surface of the structure due to current crowding at the edge of the structure. 19, 20 The formation of concave-shaped pillars with excess plating at the edge of the pillar is most easily observed at high current density and is the exact opposite of which is required for plating dome-shaped pillars. In this study, a two-step electroplating process was used. The first step involves deposition of a flat-topped copper pillar using the polymer plating mold and a copper sulfate bath without the addition of additives such as JGB or SPS. A low current density was used (2 mA/cm 2 ) so as to provide a uniform current distribution across the top of the pillar. The uniform current distribution minimizes excess plating at the edge of the plated surface. 19 After the mold has been plated to the top with copper, a second plating bath was used to deposit a spatially non-uniform layer of copper with a higher current density at the center of the pillar than at the edge. The second bath included SPS (2.5 ppm) and JGB (5 ppm) and the current density was raised to 10 mA/cm 2 . The surface profile images of the pillar results are shown in Figure 2a . The additives in the second electroplating bath suppressed growth at the edge of the pillar because of easier mass transport of the inhibitor-type additives to the edge compared to the center of the pillar.
A flat-topped pillar was observed after the first, low current density electroplating step from the bath without additives even when the copper pillar protruded 15 μm above the top of the polymer plating mold (Fig. 2b) . The agitation was increased during the second plating 
After electroless plating
Before electroless plating step during dome-fabrication to help understand the plating mechanism. JGB has been used as a leveler in copper plating, where rate of transport from the electrolyte acts to alter the suppression effect at a fixed potential. 21 At high agitation conditions shown in Fig. 2c , the suppression effect of JGB is interrupted and the current density at the edge of the pillar was nearly the same as the center creating a flattened pillar. Consequently, at higher agitation the delivery of leveler from solution was more uniform resulting in flat pillars. Wherever a nonuniform flux of leveler was achieved (i.e. higher flux at edges) resulted in dome-shaped pillars at modest agitation. 19, 22 This effect of leveler on plating distribution across the pillar is size specific so that different current density and agitation rates may have to be investigated for different pillar sizes.
Strong suppression by the diffusion of leveler could induce anisotropic growth of Cu according to the axis. In Fig. 2a , the ratio of vertical over-growth (at the center of the pillar) to horizontal overgrowth (at the edge of the pillar) was close to 4:1 while in Fig. 2b it was 1.5:1. Another noticeable feature was the deviation of pillar heights according to the pillar size. Due to its diffusion-dependence on the formation of a dome-shaped structure, there could be a deviation in the deposition rate according to the position in an array of pillars. The average pillar height was 49.7 ± 0.5 μm for domed-shaped pillars, while smaller square pillars were 47.3 ± 0.6 μm. The limited diffusion boundary (∼150 um) 23 could induce stronger suppression in smaller pillars and make shorter height.
After the formation of the dome-shaped pillars, the joining of the two mated pillars via electroless plating was undertaken. Figure 3 shows the joining of two aligned, copper pillars after electroless plating with a minimum number of voids. After the electroless joining step, the two parts were mechanically sheared and the fracture surfaces investigated. It was observed that most of the parts fractured at the adhesion layer between the pillar and the silicon substrate. This shows that the electroless bond strength between the pillars was greater than the adhesion strength of the pillars to the substrate. The shear force of a single die was approximately 100 to 200 N, which is equivalent to a fracture strength of 18 to 36 MPa.
Different electroless bonding conditions were compared: Fig. 4a shows the bonded pillars with standard electroless plating bath, for 2 hrs and 500 rpm rotation rate, whereas Fig. 4b shows the case with addition of Triton X-100 (60 μL/L) to the plating bath under similar conditions. Wet-etching induces different etch rates between electroplated Cu pillars and electroless plated region, and can be distinguished by optical microscopy: The pillars have a mushroom-shape as shown in the profilometer data due to the effect of the leveler on the overplating. There is an electroless deposited Cu layer with a slightly darker color due to the etching along the surface of the pillar. In the cross-section in Fig. 4b , it is shown that the pillar has multiple boundaries which originated from the multiple steps in the electrodeposited metal with different additives and their different resistance to the chemical etching. The overall copper deposition rate on the pillars showed good uniformity regardless of the position of pillar in the array, which is a general feature of electroless plating. However, two cases showed a slight difference around the joint region: The addition of Triton X-100 to the plating bath helped eliminate void-trapping under the joint region with a thin remaining narrow seam present between the mated pillars.
Details of the electroless bonding regions were analyzed using FIB. Using ion beam milling, the vertical cross-section of the bonded pillars were prepared and compared according to the plating conditions (Figs. 5-7 ). Figure 5 shows the cross-section of a bonded pillar in the standard electroless plating bath, with 500 rpm rotation speed and 4 hr plating time (identical condition to Fig. 4a except the plating time), with top-view image of the milling area at the top right corner. A magnified image of the joint region is in the bottom right. Figure 6 is the cross-section of a bonded pillar from the bath with the addition of Triton X-100, at slower rotation rate (100 rpm), whereas Figure 7 depicts the cross-section of a bonded pillar at the same bath condition with 500 rpm rotation rate (identical condition to Fig. 4b ).
Figs. 4 to 6 show electroplated pillars bonded together with electroless copper plating at the center. The conditions of the electroless plating were changed in order to study the electroless bonding process and presence of defects at the junction between the two plated pillars.
The joining region, where the two electroless plating fronts merge, is critically important to the bonding process. Figures 5 to 7 show details of this region. A very thin seam-like void was observed in Fig. 5 when no surfactant was used and the rotation speed was 500 rpm. The seam is contiguous across the interface between the upper and lower pillars, in contrast to cases with surfactant (Figs. 6  and 7) . A seam-like region was also observed in Figs. 6 and 7 when Triton X-100 was used, however, intimate copper-copper bonding was observed along a wide portion of the sample. In Fig. 6 , the seam was extended from center to the outside, but over 15-20 um length of continuous grain structure was also observed (right bottom image).
The electroless bath used to plate the structure in Figure 5 was a traditional formaldehyde bath without surfactant additive (e.g. Triton X-100). A complex copper structure was observed with a distribution of grain sizes. The first electrodeposited region without leveler used to produce the flat-topped portion of the copper pillar has large grains in the order of 10-50 μm, as reported earlier. 17 The top dome-shaped part of the copper pillar which used a leveler in the bath to produce the dome-shaped portion of the pillar, showed smaller, needle-like grains oriented perpendicular to the substrate. The width of the grains was a few micrometers. The electroless copper region had even smaller grains, 1 to 2 micrometers, and looked quite different from the electrodeposited region. The grain size of the electroless region varied with additives in the bath. In Fig. 6 and 7 in which Cu deposition was carried out with Triton X-100 in the bath, showed slightly larger grain size with irregular thin grains around the joint parts. Compared to Fig. 5 , the two cases with the addition of Triton X-100 showed grain structure continuity through the joint region with few bigger grains. Figure 8 shows a plane-view of the copper grain structure deposited on a free PVD copper surface by electroplating (Fig. 7a) , electroless plating without Triton X-100, Fig. 7b , and electroless plating with Triton X-100 (Fig. 7c) . The addition of Triton X-100 to the electroless plating bath induced smoother and continuous surface morphology, while original surface showed grain-like morphology. 
Discussion
Three different mass transfer aspects were considered in our previous electroless copper bonding report 16 : (i) chip scale mass transfer of electrolyte into the thin gap between the two chips (e.g. width ∼100 um, distance ∼0.5 cm, (ii) single pillar scale mass transfer of the electrolyte into the gap between the individual pillars (e.g. width below 20 um and distance from 50 to 300 um), and (iii) microscopic scale transport of reactant from bulk-solution to the copper surface and transport of by-products away from the surface. Void trapping during the electroless bonding falls into the second category. The restriction increases as the gap narrows due to plating at the center of the two pillars and closure occurs around the edge of the pillars, potentially leaving a void at the center of the pillars. Furthermore, continuous consumption of the reactants and creation of by-products occur along the transport pathway. In previous report, it was shown that void trapping initiated very close to the edge of the pillars. 17 Compared to the case with flat top cylindrical pillars, the dome-shape structure used in this experiment has larger vertical distance between Cu surfaces at the edge, which is close to 50 um due to its curvature, and this gradually decreases along the position. The large space consists of larger gap entrance and allows better mass transfer into the inside of the gap. Inversely, as the vertical distance between pillars at the center becomes smaller (even zero at the contact bonding), this could cause trapping of the seam around the contact region. The vertical dimension of the seam between the pillars seems be less than 1 um in width in Figs. 4-6 . This implies that the seam could have a role as a diffusion pathway until its width is around 1 um. There could be another possible explanation about the seam trapping i.e. the trapping of by-product such as hydrogen bubbles in the gap. In our previous paper, the effect of surfactant (polyethylene glycol) was discussed. 16 Generally, the role of surfactants in the electroless deposition is to remove hydrogen bubbles from the substrate, by stabilizing it in the solution and also offer better electrolyte-wetting on the substrate. The surfactant, Triton X-100 is non-ionic (same as PEG) and has similar partial molecular structure. The addition of Triton X-100 produced a clear difference in the surface morphology of the Cu film, as shown in Fig. 8 . A bubble remaining on the surface would act as an inhibitor to Cu growth. The case without Triton X-100 showed smaller and round grains on the top, whereas the case with Triton X-100 showed larger grains with flatter morphology. The removal of hydrogen could be more critical in electroless deposition in very narrow trenches, as the trapping of very small sized bubble could block the pathway of mass transfer. Although quantitative explanation on the effect of surfactants inside the micrometer-scale gap is not available, the addition of Triton X-100 has a positive effect on bubble removal from the bonding region.
The effect of rotating speed on the bonding behavior is still ambiguous as quantitative analysis of the liquid flow in the gap has not been performed. It is expected that the electrolyte transfer in the narrow gap between the chips were almost stagnant and therefore convection outside the chip would have limited effect on the bonding behavior. Furthermore, the conditions for electroless deposition would likely change in this mass-transfer limited region because of the relative concentration of some of the reactants. For example, copper ions and formaldehyde are present in excess amounts compared to that of Triton X-100 and dissolved oxygen. In electroless Cu deposition, the amount of dissolved oxygen 24 can have a measurable effect on the deposition rate and character. However, their concentrations were reported to be critical to chip-scale deposition uniformity, rather than void-trapping scale in a single pillar. 
Conclusion
As a solution for elimination of the void-trapping between two Cu pillars in all-copper chip-to-package bonding by electroless deposition, the top shape of the pillar was modified from flat cylindrical to dome-shaped one. The change of the shape was achieved by surplus deposition of Cu from the flat-top Cu pillars with the addition of leveler (Janus Green B) to the electroplating bath without agitation of the electrolyte. The diffusion-dependent behavior of leveler induced strong suppression at the edge of each pillar, whereas the limited diffusion of leveler allowed faster deposition at the center of the pillar. The modified top shape allowed the aligning of two mating pillars in contact without using spacer between the chips, and also kept the gap open during the electroless deposition. Surfactant was necessary to achieve better electroless bonding at the joint region, due to its narrower nature and proper removal of hydrogen from the gap. Even the bonding→joining region was extended to the inside of the gap in contrast to the bonding of flat cylindrical pillars where a discontinuous seam was repeatedly observed at the joint region with width less than 1 um.
